We present an algorithm to reconstruct chromosphere concentration images directly rather than following the traditional two-step process of reconstructing wavelength-dependent absorption coefficient images and then calculating chromosphere concentration images. This procedure imposes prior spectral information into the image reconstruction that results in a dramatic improvement in the image contrast-to-noise ratio of better than 100%. We demonstrate this improvement with simulations and a dynamic blood phantom experiment. © 2004 Optical Society of America OCIS codes: 170.3880, 220.0220, 220.4000, 170.3010. Diffuse optical tomography is used to image the changes in the concentration of oxyhemoglobin (HbO 2 ) and deoxyhemoglobin (HbR) in tissue.
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The technique exploits the fact that HbO 2 and HbR are the dominant absorbers in the infrared region (650-950 nm). In a typical reconstruction scheme there are three steps to get the f inal HbO 2 and HbR images. First, the measurements are taken simultaneously at two or more different wavelengths. Second, images of the absorption coefficients at the different wavelengths are reconstructed separately. Finally, the concentration of the HbO 2 and HbR are calculated from the spectral variation in the absorption images. Because of the ill-posed nature of the diffuse optical tomography inverse problem, however, the optical images are highly sensitive to measurement noise and systematic model error, 3 thereby amplifying the image noise when we calculate HbO 2 and HbR from optical imaging.
In the new technique we present here, images of HbO 2 and HbR are reconstructed directly instead of first reconstructing the spectral absorption images, as also suggested by others. 4 -6 In this way we expect to suppress image noise and reduce cross talk in the HbO 2 and HbR images by forcing spectral consistency in the reconstructed images. We demonstrate the expected improvement with simulations and a phantom experiment.
Near-infrared (650-950-nm) light propagation in tissue is well approximated over long distances by the diffusion equation. 7 Within the limit in which spatial changes in absorption (m a ) and scattering (m s 0 ) coeff icients are small, we can linearize the equation and find solutions using appropriate Green's functions. (2)], where the regularization parameter b a max͑AA T ͒, and a is varied to optimize the image trade-off between resolution and noise. After calculating the optical images dm a ͑l 1 ͒ and dm a ͑l 2 ͒ by use of Eq. (2a), one typically combines the images using Eq. (1) to obtain the physiological images d͓HbO 2 ͔ and d͓HbR͔. Our novel approach is to reconstruct images of d͓HbO 2 ͔ and d͓HbR͔ directly utilizing Eq. (2b). To explore the difference between the two approaches, simulations were performed in a 6-cm-thick slab geometry. The optical properties of the phantom were m s 0 ͓5.0, 4.5, 4.0͔ cm 21 and m a ͓0.01, 0.02, 0.025͔ cm 21 at wavelengths of ͓690, 780, 830͔ nm, respectively. These are commonly available laser diode wavelengths. A spherical heterogeneity with a radius of 1 cm having a 0-mM HbO 2 concentration and a 28-mM HbR concentration inside was positioned in the center of the otherwise homogeneous medium. Nine continuous-wave sources and nine detectors were positioned on opposing 3 3 3 grids with a 2-cm spacing to collect transmitted data. We chose two sets of wavelengths: grouping A (690 and 830 nm) and grouping B (780 and 830 nm). Simulated noise of approximately 0.5% with respect to the measured f luence F was added to the simulated measurements.
An example comparison of the reconstructed HbO 2 and HbR images is shown in Fig. 1 using wavelength grouping B (780 and 830 nm). Since the regularization parameter could affect the resolution of the two different imaging procedures differently, we altered the regularization parameter for each to equalize the full width at half-maximum (FWHM) of the reconstructed HbR object. In the indirect method, we used the same regularization parameter for each wavelength. For the case in Fig. 1, a 0 .01 for the indirect reconstruction and a 0.0025 for the direct reconstruction. The direct concentration reconstruction has fewer and smaller artifacts and less cross talk as evidenced by the large decrease in HbO 2 in the indirect reconstruction in the center image slice that corresponds with the location of the true increased HbR.
To compare the two algorithms more quantitatively, we calculated the contrast-to-noise ratio (CNR) and cross talk of HbR into HbO 2 given a set of regularization parameters (a [ ͓0.0001 10͔) for the different wavelength groupings. The CNR is given by the peak value of HbR divided by the mean standard deviation of each voxel in the image.
The mean standard deviation is the statistical result of 200 independent noise simulations for each regularization parameter. In Fig. 2(a) we plot the log 10 ͑CNR͒ versus FWHM. Generally, over a wide range of regularization parameters a, the direct concentration reconstruction has a better CNR than the indirect method. This improvement in the direct method is observed since for the indirect method the concentrations are subsequently found by differencing the absorption images while the image noise (resulting from the measurement noise) is uncorrelated and sums. This results in a significantly reduced CNR. Figure 2 also indicates that the choice of wavelengths plays an important role in optimization of the CNR. partial volume effect is incorrectly accounted for as described in Refs. 10 and 11. Thus cross talk in the indirect method should be reduced by matching as best as possible the point-spread function at each wavelength across the reconstruction volume. We tried this approach by finding different regularization parameters for the two wavelengths such that the FWHM at each wavelength matched the FWHM of the direct reconstruction of HbR. Interestingly, this did not produce a significant decrease in the cross talk observed with the indirect reconstruction, indicating that higher moments of the point-spread function difference across wavelengths produces the cross talk observed in the indirect reconstruction. Note that cross talk increases in the direct method as the FWHM increases above an optimal level, as one would expect given the increased blurring of the image. It is thus important to utilize the optimal regularization parameter as can be determined objectively from such a cross-talk analysis of the imaging matrix.
We performed the following blood phantom experiment to verify our simulation result. Our instrument is a continuous-wave imaging system that has two source wavelengths, 780 and 830 nm. The positions of the sources and detectors are shown in Fig. 3 . The experiment employed a slab geometry with the nine sources and 16 detectors spread over a 10 cm 3 8 cm area on both the top plate (detectors) and the bottom plate (sources). The slab was 5.1 cm thick. A 0.5% Intralipid solution filled the tank as a background scattering medium. A 2-cm-diameter sphere was placed in the slab, with a center located at 6, 2, and 2.76 cm in X, Y , and Z coordinates, respectively. We mixed 50-mM pig blood with Intralipid and circulated it through the sphere. We took measurements as the blood converted from a fully deoxygenated state to a fully oxygenated state. We present the results of only the fully deoxygenated state. Before the blood was introduced into the sphere, we obtained a measurement of the homogeneous phantom for calibration purposes. Afterward, the deoxygenated blood was introduced into the sphere. The signal-to-noise ratio of the data obtained with a 50-Hz bandwidth was 30-40 dB. The reconstructed images of the phantom data are shown in Fig. 3 . The direct concentration reconstruction has a better CNR, fewer image artifacts, and reduced cross talk relative to the indirect method. Similar to the simulation, we calculated the CNR and cross talk for a set of regularization parameters (a [ ͓0.0001 10͔) using both algorithms on 200 independent experimental images. The calculation revealed that the improved CNR and reduced cross talk of the direct concentration algorithm are achieved over the range of the chosen regularization parameters. Note that, although the peak concentration is lower than expected because of image blurring, the integrated concentration over the volume of the object is conserved.
In conclusion, we introduced an algorithm that directly reconstructs images of the concentration of HbO 2 and HbR using multiple wavelength data. We showed and explained that this direct imaging approach significantly improves the image contrast-tonoise ratio and reduces the cross talk over the more traditional approach of reconstructing each wavelength separately and then converting the wavelength images to concentration images. The extension to direct imaging of other chromophores as well as a spectroscopic model for the scattering is straightforward. Further research is required to better understand the improvement in image quality when more wavelengths are used.
